Abstract. Cell envelope fractions from Salmonella can utilize exogenous lipidlinked intermediates for the synthesis of polymeric 0-antigen. We (moi 5). An epimeraseless mutant (Alepi-) was selected from the e06vr resistant survivors by sensitivity to phage C21,12,11 using the nibbled colony technique described by Revel.14 The loss of the galactose-containing portion of the lipopolysaccharide caused by the lack of UDPgalactose leads to e15vir resistance and unmasking of receptor sites for phage C21. Phage C21 susceptible cells were defective in either epimerase or UDPglucose pyrophosphorylase (EC X, 7, 7, 9) . The epimeraseless mutant 951
In the lipopolysaccharide of the E group Salmonella, the 0-specific side chain is a heteropolysaccharide with the linear repeating sequence, mannosylrhamnosylgalactose (Man-Rha-Gal).' The repeating unit is assembled by the sequential transfer of sugars from their nucleoside diphosphate derivatives to antigen carrier lipid phosphate (P-ACL), forming a trisaccharide linked by pyrophosphate to this membrane lipid.2-6 Repeating units are then polymerized by transfer of galactosyl linkages to mannosyl units, forming the galactosylmannose sequence. The reducing ends of the growing chains are considered to remain attached to ACL through a pyrophosphate linkage.78 Bray and Robbins9 have shown that chain growth occurs by the addition of new subunits to the reducing (galactose) end of the growing chain. Both ACL and the enzymes involved in this assembly process are associated with the cell envelope, presumably forming an organized complex within the cytoplasmic membrane.
We are currently studying the mechanism of action and properties of the 0-antigen polymerase as a model for the assembly and function of membrane-associated enzymes. In this paper we show that exogenous trisaccharide-lipid intermediate can be used as a substrate in the polymerase reaction in vitro and describe some of the properties of this reaction.
Materials and Methods. Bacteria and bacteriophages: The microbiological techniques used here have been described in detail.10 Salmonella anatum, strain Al, and its lysogenic derivative Aje'5 were obtained from Dr. P. W. Robbins.1 A derivative of strain Al lacking UDPgalactose 4-epimerase (EC 5.1.3.2.) was isolated by Lynn Silver of this laboratory: Al cells were mutagenized with nitrosoguanidinell then grown in the presence of euvir phage (moi 5 ). An epimeraseless mutant (Alepi-) was selected from the e06vr resistant survivors by sensitivity to phage C21,12,11 using the nibbled colony technique described by Revel.14 The combined extracts were washed with water, concentrated to 2 ml, and stored at -20'C; the intermediate was stable for several months under these conditions. Complete acid hydrolysis of this material gave mannose as the only radioactive component; mild acid hydrolysis gave a quantitative yield of the trisaccharide, mannosyl-rhamnosylgalactose, characterized by paper chromatography using solvent. I. The ['4C]galactoselabeled trisaccharide intermediate was prepared in a similar way using 11.4 ,uM UDP-[4C]glucose (11.4 MCi) as labeled precursor, and unlabeled 1.25 mM GDPmannose. Gal-PP-ACL and Rha-Gal-PP-ACL were prepared as above, with the omission of both TDPrhamnose and GDPmannose in the first case and GDPmannose in the second case. preparation, however, the formation of radioactive polymeric product is possible in one step by its transfer to the radioactive monomer. To avoid this latter possibility, the envelope fraction from strain Alepi-was used as enzyme; since this strain cannot make UDPgalactose, the lipid carrier will be in the unloaded state. As an additional precaution, incubations were in the presence of bacitracin, which prevents reloading of ACL with galactose by inhibiting the dephosphorylation of ACL pyrophosphate. 23 The observed decrease in the butanol-soluble radioactive material with increasing time of incubation after addition of GDPmannose suggests that polymerization is taking place. The particulate fraction was isolated from the incubation mixture, subjected to mild acid hydrolysis, and chromatographed on a Sephadex G-25 column. As shown in Fig. 1 (28.4 MCi), 50 mM MgCl,, 0.1 M Tris *HCl, pH 7.8, and 0.7 mg of bacitracin in a total volume of 4 ml. The reaction was terminated by addition of 400 Mmol of cold EDTA-Tris, the cell envelope fraction was washed 3 times with 4 ml of 5 mM EDTA-Tris, then resuspended in 0.8 ml of the same buffer. This mixture was divided into two equal parts, (A) and (B); (A) was incubated for 15 min at 370C with 1.25 mM GDPmannose, 25 mM MgCl0, 50 mM Tris * HCl, pH 7.8, and 0.24 mg bacitracin, in a total volume of 1.6 ml. Samples (A) and (B) were subjected to mild acid hydrolysis, neutralized with NaHCO,, and centrifuged to remove particulate material. The supernatant fractions were chromatographed on a Sephadex G-25 column (110 X 1.8 cm; bed volume about 200 ml) with water as solvent. The column flow rate was 7.5 ml/hr; 1 ml fractions were collected and their radioactivity was measured. Peak heights not shown here were 10,500 cpm (A) and 8,800 cpm (B) .
The series of peaks (2-4) between excluded material and trisaccharide (peak 5) are probably 0-antigen chains of intermediate chain length. It is likely that they represent dimer (peak 4), trimer (peak 3), and tetramer (peak 2). ,Mmol MgC12 were added to the treated samples and the mixtures (400 Ml) were incubated at 370C. Samples (40 ,d) were removed at the indicated times and the butanol-soluble radioactivity was measured. A sample with no enzyme added was used as a control. Freezing and thawing did not reduce the butanol extractability of the lipid intermediate, either in the control or in the samples. Butanol-soluble radioactivity in the control minus butanol-soluble radioactivity in the sample was used as a measure of polymerization. Sample A (o) was frozen and thawed 4 times. Sample B (0) was incubated without freeze-thawing. FIG. 3 . Polymerization of trisaccharide units derived from exogenous lipid intermediate: analysis of the products by Sephadex G-25 column chromatography. Experimental conditions were as described in Fig. 2 ; the reaction scale was increased 10 times. The reaction was stopped by adjusting to pH 2 with 4 N HCl (45 Mil). The mixture, in a sealed tube, was treated at 1000C for 5 min, then neutralized and chromatographed (a) as described in Fig. 1 . As a control, an equivalent amount of trisaccharide-lipid to that used above was hydrolyzed under identical conditions and chromatographed in the same way (b). Peak heights not shown here were 37,200 cpm (a) and 47,200 cpm (b).
with time of incubation; almost 50% of the added radioactivity was not extractable with butanol after 15 min. The reaction rate of the freeze-thawed mixture was proportional to the amount of protein added to at least 0.6 mg/ml protein.
The optimum pH was very broad within the range tested (6.0-8.0).
Reaction mixtures were treated directly with mild acid to cleave the glycosylphosphate bond linking oligo-or polysaccharide chains to ACL. No solventsoluble radioactivity remained following this treatment. A significant amount of the acid-liberated material was excluded from a Sephadex G-25 column (Fig. 3) The radioactivity profile was measured using a Nuclear Chicago strip scanner.
using enzyme prepared from Alepi-cells. In this case a larger fraction of the 0-antigen chains produced were of intermediate length (included in the column).
To differentiate between end group and internal units ['4C]galactose-labeled Man-Rha-Gal-PP-ACL was used as substrate with A1 enzyme. The product was reduced and acid hydrolyzed as described. 3-5% of the radioactive material was galactitol, indicating an average chain length of 20-33 repeating units.
Monosaccharide transferase activity with exogenous lipid intermediate acceptor: The exogenous lipid intermediates, Rha-Gal-PP-ACL and Gal-PP-ACL, suspended in water by the technique used for trisaccharide-lipid, can also function in 0-antigen synthesis as acceptors of mannose and rhamnose, respectively. Fig. 5 shows that the incorporation of radioactivity from GDP[14C]-mannose by Alepi-cell envelope is completely dependent on the amount of RhaGal-PP-ACL added. Although a significant amount of ['4C]mannose was incorporated by A1 cell envelope without the addition of lipid intermediate, this incorporation was stimulated by its addition. Incorporation without addition of disaccharide-lipid might be due to the presence of some of this material in the cell envelope preparation. In neither case did addition of Rha-Gal-PP- It is probably less disruptive to membrane organization than the use of detergents. Our results, with both exogenous and endogenous lipid intermediate used for the formation of polymeric O-antigen, suggest that the trisaccharide-lipid can move freely around in the hydrophobic environment of the membrane. This free movement would facilitate the translocation of monomeric units (trisaccharide) from the inner surface of the membrane, where they are presumably assembled, towards the cell surface where the polymeric product is located. An organized complex of ACL, the monosaccharide transferases, and the O-antigen polymerase would not be required for O-antigen synthesis (assuming a mobile lipid). However, our experiments do not exclude the possibility of such a complex. A C55 polyisoprenoid alcohol, which appears to have the same structure as ACL, plays a similar role in mucopeptide biosynthesis. 24 Assuming that the lipids are identical, the two processes of 0-antigen assembly and mucopeptide biosynthesis could share the same lipid coenzyme, since the lipid can move freely in the membrane. In certain cases, competition for the lipid might interfere with one or other process. For example, the accumulation of 0-antigen precursors on ACL in mutant cells would be expected to interfere with mucopeptide formation.
The trisaccharide-lipid produced by cell envelope fractions from S. newington
